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Introduction

Sickle cell disease (SCD) is a clinical syndrome caused by the presence of hemo-
globin S (HbS), in which glutamic acid in position 6 of the b chain of hemoglobin
is substituted by valine (bGlu6Val). It is generally recognized as an autosomal reces-
sive disorder, in that individuals who have inherited one copy of the HbS allele
and one normal HbA allele (i.e. have HbAS or sickle cell trait, SCT), are typically
asymptomatic and spared the serious complications associated with possessing
two copies of the mutant allele (i.e. HbSS). It is estimated that 300 million people
(~5% of the world’s population) carry the HbS allele, and nearly 5.5 million births
are affected annually.1

Individuals with SCD die prematurely, but the life expectancy of individuals
with SCT is similar to that of people without the trait.2 However, early literature
attributed a number of possible disease associations to this heterozygous state,
partly as a result of unreliable diagnostic laboratory testing for hemoglo-
binopathies and partly due to questionable conclusions drawn from uncontrolled
observational studies, individual case reports, and small case series.3,4

Nevertheless, while some of the associations historically attributed to SCT are
unfounded, recent meta-analyses found high-quality evidence that SCT is indeed
a risk factor for a handful of complications common to SCD.2

Exercise in individuals with sickle cell trait

Sudden death is the most feared complication of SCT. Despite a lack of clear
evidence, early concerns about SCT-related sudden death led to the initial adop-
tion of universal SCT screening in the 1970s for all United States (US) Armed
Forces recruits and mandatory occupational restrictions for those recruits found to
have SCT. The complication of sudden death was reinforced in a study in 1987
which evaluated deaths among two million US military recruits during training;
African-American recruits with SCT had a 28-fold increase in relative risk [95%
confidence interval (CI): 9-100] of sudden unexplained death compared to those
without SCT.5 Although the relative risk was seemingly very high, the study was
limited by the small absolute number of deaths in each group and its inability to
examine separately subsets of sudden unexplained death (cardiac, exertional heat
stroke, heat stress, and rhabdomyolysis), which may not share the same disease
mechanism. Various other studies have examined physiological responses to exer-
cise – e.g. aerobic metabolism, energy expenditure, maximal oxygen consump-
tion, and maximal exercise performance – in subjects with HbAS and have found
no difference compared to those in subjects with normal HbAA,6-9 even when
intravascular sickling in subjects with SCT is observed. Additionally, a recent lon-
gitudinal analysis of a large cohort found no association of SCT with fitness, or
with the development of hypertension, diabetes, and metabolic syndrome.7

On the civilian side, the sudden death of a college football player during training
in 2006 led to a lawsuit whose settlement prompted the National Collegiate
Athlete Association (NCAA) to adopt universal SCT screening for incoming
Division I athletes in 2010, a policy that was later extended to Division II and III
athletes.10 A retrospective analysis of athletes in the NCAA also found a 37-fold
increase of exertional death in Division I football players with SCT compared to
those without, but again the absolute risk was low.11

A more recent retrospective study of 47,944 black soldiers showed that with
adoption of universal preventive measures, the risk of sudden death attributed to
SCT appears to be completely mitigated.12 An outcome of these events and
reports is the recommendation that preventive measures should be universally
adopted to protect all soldiers and athletes, rather than singling out individuals
with SCT with mandatory screening practices.4 Indeed, there are a handful of
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studies showing that hydration and progressive exercise
training may reverse various hematologic abnormalities
observed during exertion in SCT, such as increased blood
viscosity, red blood cell rigidity, oxidative stress, endothe-
lial activation, and red blood cell sickling.12-17
Nonetheless, soldiers with SCT appear to be at higher

risk of developing exertional rhabdomyolysis;12 the risk is
modest (hazard ratio, 1.54; 95% CI: 1.12-2.12), under
conditions of extreme exertion, as also supported by a
recent systematic review.2

Renal manifestations of sickle cell trait

The renal medulla with its unique hyperosmolar and
acidotic environment, together with the low oxygen ten-
sion and low-flow state in medullary vasa recta, create
optimal conditions for HbS polymerization,3 leading to a
reduced number of vasa recta and loss of its normal vas-
cular architecture.18 Hyposthenuria (a defect in concen-
trating urine) results, and in turn may predispose individ-
uals to dehydration, postulated to be a contributory fac-
tor to the exertional rhabdomyolysis associated with
SCT. 
Among the renal manifestations associated with SCT,

the most common are hematuria and proteinuria. In one
large-scale study, hematuria was found to be twice as
common in hospitalized African-American patients with
HbAS than in those with normal hemoglobin.19
Urographic evaluation in a separate case series revealed
that ~50% of hematuria cases in individuals with SCT
were related to renal papillary necrosis.1,20 A much rarer
cause of hematuria is renal medullary carcinoma, an
aggressive malignancy found almost exclusively in young
black patients with SCT.21 The tumor is hypothesized to
arise from the distal collecting duct epithelium as a result
of abnormal proliferation stimulated by chronic
ischemia.22 The prognosis of patients with renal
medullary carcinoma is poor, with a typical median sur-
vival of <1 year, and response to traditional chemothera-
py is limited.23 It has been proposed that individuals with
SCT presenting with new-onset hematuria should under-
go urological evaluation.24
The chronic microvascular damage in the renal medulla

also predisposes individuals with SCT to proteinuria and

chronic kidney disease.2 A large study combining data
from several African-American population-based
prospective cohorts showed that the presence of SCT
imparts a 1.86-fold higher odds of albuminuria (95% CI:
1.49-2.31).25 SCT is also a recognized risk factor for chron-
ic kidney disease, for which a 1.5- to 2-fold increased risk
is attributed to SCT.25,26 It is important to note that several
co-morbid conditions such as type 2 diabetes and hyper-
tension, as well as co-inherited genetic risk factors could
influence the risk of chronic kidney disease, which is a
potential explanation for the lack of association of SCT
and chronic kidney disease in smaller cohort studies
involving different ethnic groups.27,28 Additionally, SCT
may increase the risk of proteinuria and retinopathy in
individuals with diabetes.2,29,30
A common genetic risk modifier of renal disease in the

African-American population is APOL1; inheritance of
the G1 and G2 risk alleles is believed to account for much
of the excess risk of chronic kidney disease and end-stage
renal disease in individuals of African ancestry overall.31
APOL1 risk alleles have also been associated with pro-
teinuria in patients with SCD,32,33 but so far, no genetic
interactions between SCT and APOL1 risk alleles have
been observed.25,26,34 The evidence for SCT itself being a
risk factor for the development of end-stage renal disease
remains inconclusive. 
Another well-known genetic modifier of disease sever-

ity in SCD is α-thalassemia trait, co-inherited in ~35% of
individuals of African descent. Co-inherited α-tha-
lassemia reduces intracellular HbS concentration, a key
determinant of polymerization kinetics. The protective
effect of α-thalassemia on anemia and chronic kidney dis-
ease in individuals with SCT has been demonstrated in a
cohort from the Jackson Heart Study.35

Other complications related to sickle cell trait

Despite numerous reported associations with SCT, few
complications are supported by strong evidence (Figure 1).
One final strong association is that of venous thromboem-
bolic disease and pulmonary embolism in particular.2 In a
study of 65,154 hospitalized African-Americans, HbS carri-
ers had a slightly higher relative risk of pulmonary
embolism, but the study was limited by the lack of radio-

Sickle cell trait is not completely harmless

haematologica | 2019; 104(6) 1107

Figure 1. The strength of association of sickle cell trait with various complications reported in the literature.



logical confirmation.19 Subsequent large cohort studies
have identified SCT as a risk factor for venous throm-
boembolism36 as well as pulmonary embolism, but not
deep vein thrombosis.36-38 One study suggested that the
risk of venous thromboembolism attributable to SCT
among blacks is higher than the risk attributable to the pro-
thrombin G20210A mutation among whites.36 However,
the reason that HbS might predispose a subject to pul-
monary embolism over deep vein thrombosis is unknown
and merits further investigation. 
A number of other reported associations – e.g. splenic

infarction, pregnancy complications, acute chest syn-
drome, retinopathy and traumatic hyphema – are backed
by at times significant anecdotal evidence and have been
reviewed in recent publications.1,2,4 This perspective arti-
cle is limited in its ability to explore all reported associa-
tions in depth, but it is important to note that interpreta-
tion of these associations may not be straightforward. For
example, the occurrence of splenic infarction in individu-
als with SCT has been documented in a number of case
reports, often but not always in men exposed to high alti-
tudes.39-41 However, as discussed in the next section,
detailed genetic testing was not performed in these cases,
so it is not possible to draw the conclusion that the
splenic infarction was a complication of SCT alone.
SCT has also been reported to be associated with a

variety of maternal and fetal complications during preg-

nancy or the puerperium, but the existing evidence is con-
flicting.1,4 Some of these associations are concerning, such
as potentially higher rates of pre-eclampsia, maternal
infections, and fetal loss.42,43 However, in a prospective
Nigerian cohort, pregnant women with SCT did not
experience more morbidity than women with HbAA, and
in fact, had fewer attacks of malaria during pregnancy.44
In yet another study the observed risk of venous throm-
boembolism was higher in pregnant subjects with SCT
(relative risk, 1.6; 95% CI: 0.5-5.5),45 but the magnitude of
the difference did not suggest that the risk of venous
thromboembolism was increased above that associated
with SCT alone. 
A recent analysis found moderate-quality evidence for

a null association between SCT and low pediatric height
and weight, as well as between SCT and heart failure/car-
diomyopathy and stroke.2 In a field in which many ques-
tions remain unanswered, it is crucial to recognize and
promote such null findings in order to prevent unneces-
sary concern, unfounded stigmatization, and psychologi-
cal harm to carriers of HbS.

Molecular factors worsening the HbAS phenotype

The key event in the pathophysiology of SCD is poly-
merization of the deoxygenated HbS, which under cer-
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Figure 2. Aids to unraveling the molecular basis of sickle complications in individuals with purported sickle cell “trait”. Individuals with purported sickle cell trait
suffering complications of sickle cell disease may have an unrecognized rare genetic alteration or co-inherited red cell disorder and present a diagnostic challenge.
The first step is to obtain a detailed clinical and family history, and to perform family studies if family members are available. Detailed hematologic evaluation, includ-
ing hemoglobin electrophoresis, high-performance liquid chromatography (HPLC), examination of the peripheral blood smear, and qualitative sickle solubility assay,
are essential. The hematologic data should always be interpreted in conjunction with genetic data. HbA in excess of HbS validates heterozygosity for the bS allele
and, if found, should prompt investigation into whether the bS allele could be dominantly inherited with a double mutation. The patient could also have co-inherited
other genetic variants [e.g. pyruvate kinase (PK) deficiency] that increase the likelihood of HbS polymerization. If HbS is in excess of HbA, and the inheritance pattern
from parents is consistent with HbAS, somatic mosaicism should be considered. If hemoglobin electrophoresis or HPLC shows only HbS, genetic testing shows het-
erozygosity for HbS, and only one parent has HbAS, one should consider the possibility of a “functional homozygote” with the trans b gene structurally intact but
functionally inactivated, such as can be seen in deletion of the trans upstream b locus control region.



tain conditions can be irreversible, leading to distortion of
the erythrocyte and loss of deformability, ultimately
causing vaso-occlusion in the microvasculature and
hemolysis. The tendency for HbS to polymerize is highly
dependent on the hemoglobin composition in the ery-
throcyte – mainly the concentration of intracellular HbS,
as well as the concentration and type of non S hemoglo-
bin. HbA and HbF present in the cell reduce the concen-
tration of HbS, but HbF additionally has an inhibitory
effect on HbS polymerization. Individuals with SCT, who
have HbA in excess of HbS (30-40% of the total hemoglo-
bin), do not typically suffer from the effects of sickling
and are asymptomatic. Apart from the intracellular hemo-
globin composition, other factors that influence the like-
lihood of HbS polymerization include oxygen saturation,
intracellular pH and 2,3-diphosphoglycerate levels.
Environmental and co-inherited genetic factors can
change these parameters, modulating the kinetics of HbS
polymerization in individuals with SCT. 
Clinically symptomatic HbAS individuals could be con-

sidered to fall under four genetic categories: (i) co-inheri-
tance of HbS with a genetic modifier; (ii) dominant forms
of HbS alleles; (iii) apparent heterozygosity for HbS; and
(iv) non-Mendelian inheritance of HbS.

Co-inheritance of HbS with a genetic modifier  
Compound heterozygosity for HbS and genetic vari-

ants causing non-hemoglobin red cell (i.e. membrane and
enzyme) disorders, while uncommon, can have impor-
tant modifying effects on the clinical outcome of SCT.
Two cases of HbS carriers experiencing typical SCD com-
plications of chronic hemolytic anemia, recurrent acute
pain, recalcitrant leg ulceration and end-stage renal dis-
ease, have been reported.46,47 Each of the probands had co-
inherited mutations in the PKLR gene, causing a deficien-
cy of pyruvate kinase protein. Pyruvate kinase is a key
enzyme in the final step of glycolysis; it converts phos-
phoenolpyruvate to pyruvate, generating 50% of the total
red cell ATP that is essential for metabolism of the red
blood cell. Of particular relevance to SCD, a reduction in
pyruvate kinase activity also leads to accumulation of the
upstream enzyme substrates, including 2,3-diphospho-
glycerate which decreases oxygen affinity, favoring poly-
merization of deoxy-HbS. In one case, fresh blood was
available for in-vitro functional assays that supported the
role of 2,3-diphosphoglycerate as a key factor in HbS
polymerization.46
Another example is the co-inheritance of hereditary

spherocytosis, implicated as the cause of splenic infarc-
tion in a handful of SCT cases.48 The presence of heredi-
tary spherocytosis is believed to increase mean corpuscu-
lar hemoglobin concentration and intracellular HbS con-
centration, thereby increasing the propensity to HbS
polymerization. Along the same lines, glucose-6-phos-
phate dehydrogenase deficiency, a common red cell
enzyme disorder in individuals of African ancestry, might
be expected to increase hemolysis and modify the clinical
phenotype of SCD and SCT. However, there is a lack of
evidence addressing co-inheritance of SCT and glucose-6-
phosphate dehydrogenase deficiency, and even the evi-
dence for SCD is mixed, with no consistent differences in
red cell indices, degree of anemia, hemolysis, frequency
of vaso-occlusive complications, or stroke risk in subjects
who have co-inherited glucose-6-phosphate dehydroge-
nase deficiency.49-51 These conflicting reports could be

related to limitations of the methodologies used for the
enzyme assays, or the panel of glucose-6-phosphate
dehydrogenase variants genotyped. These reports serve
as an important caveat when examining past anecdotal
evidence of complications in SCT, as in-depth genetic
investigation is often lacking in reported cases of sympto-
matic SCT.

Dominant forms of HbS alleles
Rare HbS alleles that behave dominantly have been

reported. One example is that found in a 19-month old
girl, identified as having SCT through newborn screening;
she developed a vaso-occlusive crisis with splenic seques-
tration during a flight and required splenectomy.52
Subsequent DNA sequencing analysis confirmed that the
baby had inherited a maternal normal HbA allele but had
acquired a new mutation, bLeu68Phe, cis to the paternal HbS
allele. bLeu68Phe has previously been identified as Hb
Rockford, a known Hb variant with reduced affinity for
oxygen. The double mutant, named Hb Jamaica Plain (JP,
bGlu6Val,Leu68Phe), has similar electrophoretic motility as HbS,
hence it was missed at the newborn screening. The bLeu68Phe

mutation in Hb JP causes it to desaturate easily at lower
oxygen tension, thus polymerizing more readily than typ-
ical HbS, converting it to a dominant mutation.52
Two other Hb variants with double mutations, HbS

Antilles (bGlu6Val, Val23Ile) and HbS-Sao Paolo (bGlu6Val, Lys65Glu), also
promote polymerization through reduced oxygen affinity
in heterozygotes.53,54 In addition, HbS Antilles has lower
solubility and HbS-Sao Paolo forms more stable polymers
than HbS, potentially further enhancing irreversible poly-
merization and red blood cell sickling. In the case of HbS
Antilles, family studies led to the identification of 24
HbA/S Antilles individuals in the proband’s family, many
of whom had recurrent sickle pain crises, chronic
hemolytic anemia, and splenomegaly,54 a phenotype sim-
ilar to that of HbSC disease. 

Apparent heterozygosity for HbS 
Compound heterozygotes of bS and very mild b-tha-

lassemia mutations (bS/b++-thalassemia) can appear as
having SCT, but the giveaway here is an excess of HbS
over HbA. A 38-year old, previously healthy man, pre-
sented with a 6-month history of worsening pruritis,
jaundice and ascites. Extensive work-up for causes of liver
disease was negative, but hemoglobin electrophoresis
showed 49.6% HbS and 41.3% HbA. The patient had not
received any blood transfusion. While this result could
easily be misinterpreted as HbS trait, given the slight
increase of HbS over HbA, DNA and family studies were
pursued. He was revealed as a compound heterozygote
for bS and a novel, very mild b-thalassemia mutation (b
IVS2-844 C→A) that was transmitted to both of his sons,
and the liver pathology was ascribed as sickle-related.55
Another diagnostic conundrum is the discrepant find-

ings of HbSS on hemoglobin electrophoresis but HbAS
on genetic testing. Two such cases have been reported,
where the individuals presented with typical hematolog-
ic and clinical phenotypes of SCD.56 In both instances,
DNA testing showed that the individual possessed one
HbA and one HbS allele, but expression of the HbA allele
was abolished by a deletion of the upstream b locus con-
trol region, resulting in sole expression of the HbS allele
and, thereby, a functionally homozygous HbS pheno-
type.56
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Non-Mendelian inheritance of HbS
Homozygosity due to uniparental disomy of chromo-

some 11 is another rare genetic defect. Two individuals
were reported to have inherited HbS from one parent and
normal HbA from the other parent but presented later in
life with phenotypic SCD. In-depth DNA analysis
revealed that post-zygotic mitotic recombination had
occurred, leading to mosaic segmental isodisomy.57,58
These individuals had dual populations of HbSS and
HbAS erythroid progenitors and peripheral red blood
cells, with HbSS erythrocytes accounting for the chronic
hemolytic phenotype of SCD. 
These cases demonstrate that the diagnosis of sickle

trait can be nuanced and deserves further workup if the
individual has a phenotype of SCD. In such diagnostically
challenging scenarios, family studies are extremely useful,
and detailed hemoglobin evaluation is essential (Figure 2).
A relative excess of HbA over HbS with no other Hb vari-
ant present indicates that only one copy of abnormal

allele is present. If phenotypic and genetic workup both
show HbAS, a search for modifiers that promote HbS
polymerization should be undertaken.

Conclusion

While HbAS represents an asymptomatic carrier state,
clinical and epidemiological studies have shown that
SCT is certainly not an entirely harmless condition. The
presence of HbS in SCT may contribute to specific dis-
ease processes, particularly under extreme conditions
that promote HbS polymerization. Additionally, individ-
uals with HbAS can present with complications typical
of the SCD phenotype. Such cases of unusually severe
HbAS can pose a diagnostic challenge, but elucidating
their molecular basis provides further insight into the
pathophysiology of SCD and help to identify genetic risk
modifiers in SCT.  
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